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It is well established that many cognate basolateral plasma
membrane proteins are expressed apically in proximal tubule
cells thus optimizing the reabsorption capacity of the kidney.
The protein clathrin and its adapter proteins normally
regulate basolateral polarity. Here we tested whether the
unique proximal tubule polarity is dependent on an
epithelial-specific basolateral clathrin adapter, AP1B, present
in most other epithelia. Quantitative PCR of isolated mouse
renal tubules showed that AP1B was absent in proximal
tubules but present in medullary and cortical thick ascending
limbs of Henle, and cortical collecting ducts. Western
blot confirmed the absence of AP1B in three established
proximal tubule cell lines. Knockdown of AP1B by shRNA
in prototypical distal tubule MDCK cells resulted in
redistribution of the basolateral parathyroid hormone
receptor, the insulin-like growth factor II receptor/calcium-
independent mannose-6-phosphate receptor, and the
junctional adhesion molecule, JAM-C, to a proximal tubule-
like nonpolar localization. Yeast two-hybrid assays detected
direct interactions between the cytoplasmic tails of these
plasma membrane proteins and the cargo-binding region of
the AP1B complex. Hence, our results show that differential
expression of AP1B contributes to normal kidney function
and illustrates possible roles of this adapter protein in kidney
development, physiology, and pathology.
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Each day, adult human kidneys filter 1600 liters of blood
through the glomerular filtration barrier to generate 180 liter
of ultrafiltrate. Two-thirds of this volume is reabsorbed along
the proximal tubule and most of the remaining fluid is
reabsorbed more distally. Reabsorption is carried out by a
variety of ion, water, vitamin, glucose, and amino-acid
transporters, expressed with characteristic polarity in the
different cell types that form the various nephron segments
and the collecting ducts.1
Research over the past three decades has elucidated
important aspects of the mechanisms involved in organiza-
tion of polarity and apical-basolateral trafficking in trans-
porting epithelial cells.2–4 Differential polarity of a given
transporter or receptor may be due to the presence of splice5
or phosphorylation6 variants or to variations in the sorting
machinery of the host cell.7 Sorting of apical and basolateral
plasma membrane proteins takes place at the trans-Golgi
network and recycling endosomes, and is mediated by
specific apical and basolateral sorting signals. Apical sorting
signals are complex and reside in the luminal, transmem-
brane, or cytoplasmic domains of apical plasma membrane
proteins.8 Basolateral sorting signals are simpler and often
consist of tyrosine and di-leucine sorting motifs, similar to
signals responsible for clathrin-mediated endocytosis,9,10 in
the cytoplasmic domain of basolateral plasma membrane
proteins. We have recently shown that clathrin is a broad
regulator of basolateral polarity11 and that the epithelial-
specific heterotetrameric clathrin adapter AP1B,12,13 the best
characterized basolateral sorting adapter, mediates basolateral
plasma membrane protein sorting at the recycling endosome
compartment.14 AP1B is composed of g, b1, s1, and m1B
subunits and differs from the ubiquitously expressed adapter
AP1A in the possession of a different, although highly
homologous (80% identical) medium subunit, m1B instead
of m1A.13
Cells lining the proximal tubule are exposed luminally to
a plasma-like medium that contacts only the basolateral
plasma membrane of most other transporting epithelia.
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Indeed, it is well established that many cognate basolateral
plasma membrane proteins are expressed apically in proximal
tubule;1 many of these proteins perform important functions
for the organism, for example, the parathyroid hormone
receptor (PTHR), responsible for regulation of phosphate
reabsorption by the proximal tubule.15 This not a generalized
phenomenon, as many cognate basolateral plasma membrane
proteins preserve their basolateral polarity in proximal
tubule, for example, Na/K ATPase16 and E-cadherin.17 The
kidney expresses m1B,13 but it is not known whether all, or
only some, kidney tubules express AP1B. Here, we show,
using quantitative PCR and immunoblot assays, that the
proximal tubule lacks AP1B and that this explains the apical
localization of PTHR and other proximal tubule proteins.
These results likely have important implications for kidney
physiology and pathology.
RESULTS
Apical proximal tubule proteins that are basolaterally
localized in other epithelial cells
Table 1 lists several plasma membrane proteins that are
apically localized or nonpolar in the kidney proximal tubule
but are basolaterally localized in the prototype epithelial cell
line MDCK, believed to originate from a distal nephron
segment, and in other epithelia. The list includes the PTHR, a
key regulator of phosphate reabsorption,18,19 that is expressed
at both apical and basolateral surfaces of proximal tubule
cells.20 Evidence from isolated proximal tubules as well as
from polarized OK/E monolayers indicates that apically added
parathyroid hormone downregulates phosphate uptake
by promoting the endocytosis of apical sodium phosphate
co-transporter NaPiIIa.18,21 Basolaterally added parathyroid
hormone regulates phosphate reabsorption through a different
signaling pathway.
Another plasma membrane protein listed in Table 1 is the
insulin-like growth factor receptor 2, also known as cation-
independent mannose-6-phosphate receptor.22,23 We studied
the distribution of this protein in kidney sections obtained
from mice injected with albumin tagged with Alexa Fluor 555
before killing (Figure 1a). Proximal tubule profiles, recog-
nized by the presence of vesicular fluorescence corresponding
to endocytotic uptake of albumin-Alexa Fluor 555, showed
IGF2R/CI-MPR at the apical surface, as previously shown.23
By contrast, distal tubules, lacking albumin-Alexa Fluor 555,
showed basolateral IGF2R/CI-MPR (Figure 1a), such as
MDCK cells.22
Table 1 includes the low-density lipoprotein receptor
(LDLR),24,25 a plasma membrane protein involved in
cholesterol uptake that is targeted basolaterally by well-
characterized basolateral sorting signals and the clathrin
adapter AP1B.12 LDLR is not expressed at significant levels
in proximal tubules; however, transgenic mice expressing
human LDLR receptor basolaterally in intestine and liver
epithelium but apically in the proximal tubule.25 We
discovered that JAM-C, a junctional adhesion molecule,
localizes apically in proximal tubule cells (Figure 1b), in
contrast to its reported basolateral localization in MDCK
cells (see Figure 3b, below) and in colon.26 JAM-C is
also apically localized in RPE,27,28 a retinal neuroepithelium
that lacks AP1B. Finally, the EGF receptor family member
ErbB2 localizes apically in proximal tubules but basolaterally
in AP1B-positive epithelia.29,30 Taken together, our experi-
ments and previous data suggest the hypothesis that the
physiologically important apical localization of cognate baso-
lateral plasma membrane proteins in the proximal tubule
could be due to lack of expression of the basolateral sorting
adapter AP1B.
Proximal tubules do not express the clathrin adapter AP1B
To test this hypothesis, we determined the expression of
mRNA encoding the m1B subunit of AP1B in dissected
segments (1mm length, approximately 1000 cells) of mouse
renal tubules by quantitative PCR following reverse trans-
cription. Figure 2a and b shows that m1B is present in
medullary thick ascending limbs, cortical thick ascending
limbs, and cortical collecting ducts but is missing in proximal
tubules. Western blot analysis of proximal tubule cell lines
from mouse (MTC), rat (IRPT), and human (HK-2) origin
confirmed the absence of m1B protein (Figure 2c).
These experiments show that the proximal tubule belongs,
with RPE and liver, to a small group of epithelial tissues that
lack AP1B.
PTHR, JAM-C, and IGF2R/CI-MPR are AP1B cargoes
If the apical/nonpolarized localization of plasma membrane
proteins listed in Table 1 in the proximal tubule is due to lack
of AP1B, they should be dependent on AP1B for basolateral
localization and they should interact directly or indirectly
with AP1B.
To investigate the first point, we expressed PTHR, JAM-C,
and IGF2R/CI-MPR in wild-type MDCK cells and in MDCK
cells in which m1B was permanently knocked down with
shRNA.14 Overexpressed PTHR (Figure 3a) and JAM-C
(Figure 3b) have a basolateral localization in wild-type
MDCK cells but show a nonpolarized distribution in m1B-
KD-MDCK cells. We also studied the polarity of endogenous
Table 1 | Proteins with altered polarity
Protein Polarity in MDCK cells Polarity in proximal tubule References
IGF2/CI-MPR Basolateral Apical/Nonpolar 22,23
ErbB-2 Basolateral Nonpolar 29,30
LDL receptor Basolateral Apical 24,25
PTH receptor Basolateral Nonpolar 18,19
JAM-C Basolateral Apical/Nonpolar This work
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PTHR using its iodinated ligand 125I-PTH. PTHR is known
to be expressed basolaterally in MDCK cells.19 We found
that m1B-KD-MDCK cells expressed PTHR at the apical
surface at 4.5-fold higher levels than in wild-type MDCK
cells (Figure 3c). A similar ligand-binding approach showed
that most of the surface IGF2R/CI-MPR is expressed at the
basolateral plasma membrane of MDCK cells, as previously
shown22 whereas, in m1B-KD-MDCK cells, it is expressed
at sevenfold higher levels at the apical surface relative to
wild-type MDCK cells (Figure 3c).
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Figure 1 | Immunocytochemical analysis of the polarity of IGF2R/CI-MPR and JAM-C in cortical kidney sections. (a) Antibodies to
IGF2R/CI-MPR (green) label the apical domain of the proximal tubules ‘PT’ and are basolaterally distributed in the distal nephron ‘*’. Proximal
tubules are identified by the presence of vesicles containing albumin-Alexa Fluor 555, which was injected into the mice 10min before
killing. Note that the most proximal segments of the proximal tubule and glomerular ‘G’ capsule take up the majority of the labeled albumin
(red) although there is some trace labeling in the more distal regions of the proximal tubule. (b) Antibodies to JAM-C (red) also label the
apical domain of the most proximal segments of the proximal tubule; JAM-C colocalizes with microvilli actin, stained with Alexa Fluor 488
phalloidin (green). The distal tubule has a much reduced staining, however what signal is present is predominately basolateral.
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Figure 2 |Proximal tubule lacks AP1B. (a) Quantitative PCR analysis of dissected mouse renal tubule segments detected m1B in medullary
thick ascending limbs (n¼ 2), cortical thick ascending limbs (n¼ 3), and cortical collecting ducts (n¼ 3) but not in proximal tubule (n¼ 9).
Control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was expressed by all tubules tested, and bar indicates standard deviation.
(b) Identification of proximal tubules was validated by quantitative PCR of the proximal tubule marker rBAT.38 (c) Western blot analysis
showed lack of m1B in mouse, rat and human proximal tubule cell lines, and its presence in species-matched epithelial cell lines, i.e., mouse
medullary collecting duct (IMCD3), rat thyroid (FRT), and human lung (CaLu3). MDCK wild-type and MDCK stably knocked down for m1B
were used as positive and negative controls for these experiments. GAPDH was used as a loading control.
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To investigate the second point, we searched for inter-
actions between the cytoplasmic domains of these proteins
and the medium subunit of AP1B, m1B, using a yeast two-
hybrid approach. The analysis detected clear interactions
between the C-terminal cargo-binding region of m1B and
the cytoplasmic tails of IGF2R/CI-MPR, PTHR, and
JAM-C (Figure 3d). Further studies are necessary to reveal
the basolateral sorting signals in IGF2R/CI-MPR, PTHR, and
JAM-C. IGF2R/CI-MPR is known to interact with AP1A
through four distinct binding sites;31 it is likely that one of
them may also function as a basolateral sorting signal that
interacts directly with AP1B.
DISCUSSION
Here, we have shown that the absence of AP1B contributes to
the apical expression of several cognate basolateral proteins
in proximal tubule epithelial cells. This does not preclude
the existence of additional mechanisms that could also
contribute to the apical localization of basolateral proteins
in proximal tubule. For example, it has been shown that
the C-terminal domain of PTHR, which constitutes its
cytoplasmic tail, contributes to its apical localization in
LLC-PK1 cells through a region that binds the FERM domain
of ezrin.15
Our study results show that the proximal tubule belongs
to a small group of native epithelia, including the liver and
the retinal pigment epithelium, that lack AP1B. As a
consequence of lacking AP1B, RPE, like the proximal tubule,
shows partially reversed polarity of some basolateral proteins,
for example, JAM-C27,28 and the coxsackie-adenovirus
receptor.7 The epithelial cell line LLC-PK1, suspected to
be derived from the kidney proximal tubule, was originally
shown to missort some basolateral proteins to the apical
surface;32 subsequent work showed that this was due to the
absence of AP1B.12 Knockdown of AP1B in MDCK cells
promoted apical redistribution of several basolateral
proteins, such as transferrin receptor and LDLR.14 It is
important, however, to state that there are some proteins that
remain basolateral in proximal tubule despite the absence of
AP1B, for example, Naþ , Kþ -ATPase, and E-cadherin,14
indicating the existence of additional basolateral sorting
mechanisms.
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Figure 3 |PTHR, IGF2R/CI-MPR, and JAM-C are AP1B cargoes. (a–c) Increased apical localization of IGF2R/CI-MPR, PTHR, and JAM-C in m1B-
KD-MDCK cells. The micrographs, a and b, are representative of several experiments. (a) Stably expressed PTHR-GFP is basolaterally localized
in wild-type MDCK cells but is nonpolarized in m1B-KD-MDCK cells. (b) JAM-C-GFP stably expressed is basolateral in wild-type MDCK
cells and nonpolar in m1B-KD-MDCK cells. (c) Polarity loss of endogenous IGF2R/CI-MPR and PTHR correlates with the loss of AP1B as
assessed by radioligand binding assay in triplicate. The graph shows the fold-increase in the apical localization of each receptor when the
m1B subunit is knocked down (apical ligand binding to m1B-KD-MDCK cells/apical ligand binding to wild-type MDCK cells). (d) Cytoplasmic
tails of PTHR, IGF2R/CI-MPR, and JAM-C interact with m1B. Yeast two-hybrid analysis of the cytoplasmic tails of IGF2R/CI-MPR, PTHR,
and JAM-C with the m1B adapter protein subunit indicates a direct interaction of the receptors with the AP1B clathrin adapter.
Retransformation and replating the yeast two-hybrid analysis yielded comparable results.
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We hypothesize that the cell biological adaptation of the
proximal tubule described here allows efficient reabsorption
of components of the ultrafiltrate, a key function of this
nephron segment. Indeed, it has been shown that the apical
and basolateral populations of PTHR in proximal tubule
control phosphate reabsorption via NaPiIIa through different
signaling cascades, phospholipase C/protein kinase C and
protein kinase A, respectively, likely resulting in more flexible
and robust regulation.21 Furthermore, although reabsorption
of lysosomal enzymes from the glomerular ultrafiltrate
filtrate requires megalin,33 apical IGF2R/CI-MPR may be
an important backup mechanism in this process. Ultimately,
full understanding of how a lack of AP1B contributes to the
normal function of the proximal tubule will require tissue-
specific knock-in of m1B in this nephron segment.
In addition, our study results suggest that the kidney is an
ideal system to study a key question in epithelial biology, that
is, how is AP1B expression regulated during development?
Do the cells of the primordial kidney S-shaped bodies lose
expression of AP1B as they transition into mature proximal
tubule, or do other tubule segments gain expression of AP1B
during the developmental process? They also suggest novel
mechanisms for kidney disease. For example, pathological
stimulation of AP1B expression in proximal tubule would
result in kidney dysfunction due to strict basolateral
localization of receptors and transporters that are needed at
the apical surface. Whether the lack of AP1B has a role in
pathological conditions, for example, Fanconi syndrome,
polycystic kidney disease, or ischemia, effecting the mem-
brane protein expression in the proximal tubule remains to
be further investigated.
MATERIALS AND METHODS
Cells and reagents
MCT, IMCD3, IRPT, FRT, HK-2, and CaLu3 cells were grown as
previously described. MDCK II cells were cultured in Dulbecco’s
modified Eagle’s medium containing 5% fetal bovine serum at 37 1C
in 5% CO2. MDCK-m1B knockdown cells, m1B-KD-MDCK,
14 were
grown under identical condition however with 2.5 mg/ml puro-
mycin. Cells were seeded onto 12mm Transwell filters (Corning,
Lowell, MA, USA) for polarization experiments. Antibodies used were
anti-JAM-C at 1:250 (AF1213; R&D Systems), anti-IGF2R/
CI-MPR at 1:500 (gift from Stuart Kornfeld); and the secondary anti-
bodies used were Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor
488 goat anti-rabbit IgG all used at 1:500 (Invitrogen, Carlsbad, CA,
USA). Alexa Fluor 488 phalloidin was used to stain the actin
(Invitrogen). Rabbit anti-m1B was previously described14 and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was probed with a
chicken polyclonal antibody (GW22763; Sigma, St Louis, MO, USA).
Nephron isolation
For the nephron isolation all animal studies were approved by the
Weill Cornell Medical College Subcommittee on Research Animal
Care, in accordance with National Institutes of Health, Department
of Agriculture, and American Association for Accreditation of
Laboratory Animal Care requirements.
Six-month-old male and female C57BL/6 mice (Jackson
Laboratory, Bar Harbor, ME, USA) were used. Kidneys were
removed from anesthetized 6-month-old C57BL/6 mice and placed
into ice-cold Ringer’s solution. Several 1–2mm coronal slices were
made from the central part of the kidneys and placed in iced
Ringer’s solution. Individual tubule segments of approximately
1mm length were dissected with fine-tipped forceps and a needle.
These segment were identified by their morphological features and
location in the kidney.34 Each fragment was then rinsed three times
with Ringer’s solution by transferring between three 5ml washes
with a capillary pipette and controlled suction under a dissection
microscope. The single-tubule segment was placed into the cap of a
microfuge tube with minimal fluid volume (approximately 10 ml)
and 50 ml of RTL buffer (without b-mercaptoethanol) was added to
it and then flash frozen until the time of RNA isolation.
Quantitative RT-PCR
The RNA was isolated from the segments with the RNeasy Mini kit
(Qiagen, Germantown, MD, USA) without using homogenization
to limit sample loss. The purified RNAwas eluted in 30 ml water and
cDNA generated with SensiScript reverse transcriptase (Qiagen) and
oligo dT and random hexamers as primers. The cDNA was then
divided into six (m1B and GAPDH in triplicate) or nine (m1B, rBAT,
GAPDH in triplicate) wells for amplification using TaqMan gene-
specific primers (m1B, assay ID Mm00477565_m1; rBAT, assay ID
Mm00486218_m1; GAPDH, assay ID Mm99999915_g1; Applied
Biosystems, Foster City, CA, USA) using TaqMan Gene Expression
Master Mix with the StepOnePlus Real-Time PCR System (Applied
Biosystems).
Tissue preparation
For the immunocytochemical analysis all animal studies were
approved by the Massachusetts General Hospital Subcommittee on
Research Animal Care, in accordance with National Institutes of
Health, Department of Agriculture, and American Association for
Accreditation of Laboratory Animal Care requirements.
Six-month-old male and female C57BL/6 mice (Jackson
Laboratory) were used. For immunofluorescence experiments, the
kidneys’ proximal tubules were labeled in vivo for 10min preceding
dissection by 100ml tail vein injection of 10mg/ml Alexa Fluor
555-labeled albumin (Invitrogen), in 0.9% NaCl. Animals were
anesthetized using pentobarbital sodium (50mg/kg body weight,
i.p.; Nembutal; Abbott Laboratories, Abbott Park, IL, USA) and
perfused through the left cardiac ventricle with phosphate-buffered
saline (PBS; 0.9% NaCl in 10mM phosphate buffer, pH 7.4),
followed by paraformaldehyde-lysine-periodate fixative as described
previously.35 Both kidneys were dissected, sliced, and further fixed
by immersion in paraformaldehyde-lysine-periodate fixative for 4 h
at room temperature and subsequently overnight at 4 1C, and then
rinsed extensively in PBS, and stored at 4 1C in PBS containing
0.02% sodium azide until use.
Immunofluorescence staining for protein polarization in
MDCK
Cells transiently expressing plasmid-encoded cDNAs were briefly
rinsed with PBS containing 0.5mM CaCl2 and 1mM MgCl2 and then
fixed in 4% paraformaldehyde in PBS for 10min. The paraformal-
dehyde was then removed and the cells were quenched with 50mM
NH4Cl2 in PBS for 15min. The cells were then permeabilized with
0.075% saponin in PBS containing 1% bovine serum albumin (BSA)
for 20min. The cells were then incubated with primary antibody for
1 h in 0.075% saponin in PBS containing 1% BSA, then rinsed with
0.075% saponin in PBS containing 1% BSA five times, 5min each
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wash. Then secondary antibodies in 0.075% saponin in PBS con-
taining 1% BSA and DAPI were added for 1 h and washed five more
times in 0.075% saponin in PBS containing 1% BSA. The filter were
mounted in DABCO mounting media and imaged on a Leica SP2
confocal microscope (Leica Microsystems, Bannockburn, IL, USA).
Immunofluorescence staining for protein polarization in
proximal tubule
Kidney slices fixed with paraformaldehyde-lysine-periodate fixative
prepared as described above were cryoprotected in PBS containing
0.9mol/l sucrose overnight at 4 1C and then embedded in Tissue-Tek
OCT compound 4583 (Sakura Finetek USA, Torrance, CA, USA),
mounted on a specimen disk, and frozen at 20 1C. Sections
(4mm thick) were cut on a Leica CM3050 S cryostat (Leica
Microsystems), collected onto Superfrost Plus precleaned, charged
microscope slides (Fisher Scientific, Pittsburgh, PA, USA), air-dried,
and stored at 4 1C until use.
Sections were rehydrated in PBS and treated with 1% (wt/vol)
SDS for 4min for retrieval of antigenic sites, as previously
described.36 After being washed 3 5min in PBS and incubated
for 10min in 1% (wt/vol) BSA in PBS with 0.02% sodium azide to
minimize nonspecific staining, the sections were incubated for
90min with the primary antibody diluted in Dako antibody diluent
(Dako, Carpinteria, CA, USA) and then with the secondary antibody
for 1 h at room temperature. Slides were rinsed in high-salt (2.7%
NaCl) PBS for 5min and 2 5min in regular PBS (0.9% NaCl)
after each antibody incubation. Slides were mounted in Vectashield
medium (Vector Laboratories, Burlingame, CA, USA) for micro-
scopy and image acquisition.
Western blotting
Cell lines were grown to confluency on 100mm plates and lysed in
RIPA buffer with protease inhibitor. Total protein (35 mg) was
loaded per lane. Following transfer of the protein to nitrocellulose,
the membranes were blocked and labeled as described using the
Odyssey (LI-COR, Lincoln, NE, USA) detection system with rabbit
anti-m1B as previously described,14 and GAPDH was probed with a
chicken polyclonal antibody (GW22763; Sigma).
Transfections
MDCK cells þ /m1B were transfected using the AMAXA
transfection system (Lonza, Basel, Switzerland). Briefly, 4 106 cells
are mixed with 10 mg endotoxin-free plasmid DNA in 100 ml
Supplement V buffer and then placed into the cuvette and pulsed
using the AMAXA program T23. Prewarmed RPMI (500 ml) was
then added to the cuvette and the cell suspension was removed to a
microfuge tube and placed at 37 1C for 10–30min until plating. The
cells were seeded for confluency to 12mm filters using 3.5 105 cells
and were then allowed to polarize for 3 days before fixation.
Radioligand binding assay
Wild-type and m1B-KD-MDCK cells were seeded in 6.5mm
Transwell chambers at a density of 60,000 cells per well and used
for the assays 72 h after confluence. On the day of the assay, filters
were rinsed twice with Hank’s balanced salt solution (HBSS, with
Ca2þ and Mg2þ ) supplemented with 0.5% BSA (BSA-HBSS),
incubated in this buffer for 1 h at 37 1C, and rinsed again with
ice-cold BSA-HBSS. Then, cells were labeled from the apical side
for 60min at 4 1C with 3.9 nM 125I-PTH 1-34 (corresponding to
100mCi/ml) either alone or with a 100 excess of cold PHT 1-34.
In the case of 125I-IGF2, the concentration applied was 3.7 nM
(corresponding to 100mCi/ml) with 2000 molar excess of
insulin or with 2000 insulin and 100 excess of cold IGF2.
After labeling, cells were washed three times with BSA-HBSS at 4 1C.
At this point the polycarbonate filter was removed from the
Transwell and placed into 800 ml dissociation buffer (0.1mol/l
NaOH and 1% Triton X-100) for counting. The triplicate samples
were counted on a Wizard Gamma Counter (PerkinElmer, Waltham,
MA, USA). To determine specific binding, we subtracted the 100
excess ligand blocked sample counts. The IGF2 ligand binds strongly
to the polycarbonate filter making basolateral binding difficult to
determine due to the high background.
Yeast two-hybrid assay
The yeast two-hybrid assay was performed as reported previously.37
Briefly, the yeast strain AH109 was co-transformed with pGBKT7-
GAL4-bd-cytoplasmic tail and pACTII-ad-m1B. Colonies expressing
both constructs were selected by their ability to grow in DOB-2
medium (lacking tryptophan and leucine). After selection for 4 days
in these plates, colonies were resuspended in water and cell
concentration was measured by OD600. Equal amount of cells and
volumes was plated on dishes containing DOB-2 or DOB-3 medium
(lacking tryptophan, leucine, and histidine). DOB-2 medium was a
growth control and DOB-3 medium showed direct interaction
between the binding and activating domains after incubation at
30 1C for 3 days.
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